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Resonant Bragg quantum wells in hybrid photonic crystals
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The exciton-polariton propagation in resonant hybrid (isotropic/anisotropic) periodic stacks, with
misaligned in plane anisotropy and Bragg photon frequency in resonance with Wannier exciton of
2D quantum wells, is studied by self-consistent theory and in the effective mass approximation.
The optical tailoring of this new class of resonant Bragg reflectors, where the structural periodicity
of a multi-layer drives the periodicity of the in-plane optical Cˆ axis orientation, is computed for
symmetric and non-symmetric elementary cell by conserving strong radiation-matter coupling and
photonic band gap. We will demonstrate, by selected numerical examples, that the behavior of the
so called intermediate dispersion curves (IDC), that drop between upper and lower branches of the
lowest energy band gap, are strongly dependent from in-plane Cˆ axis orientation. Therefore, we
guess that this class of hybrid meta-materials is promising for new trapping light optical devices
based on IDC behavior.
PACS numbers: 78.67.De, 71.36.+c,42.70.Qs,78.66.Fd
I. INTRODUCTION
The manipulation of the optical properties in order to
obtain coherent radiative coupling among a collection of
emissive species was proposed by R.H. Dicke1 in 1954.
The optical behavior of the composite exciton-polariton,
propagating in a resonant 1D Bragg quantum wells, was
studied by E.L. Ivechenko et all.2 in 1994, while the sat-
uration effect, that transforms the super-radiant mode
into a polaritonic Bloch band, usually obtained for rather
large quantum well number (N ≥ 200), was theoretically
investigated by K. Cho et all.3,4 in 2002 and measured
by J.P. Prineas at all.5 in the same year.
It is well known that Wannier exciton is intrinsically
a giant dipole excitation, since the microscopic dipole
transitions of the elementary cells of a semiconductor are
coherently coupled in a volume determined by its Bohr
radius6,7. Moreover, the coupling between the center-of-
mass motion, of the exciton, and the photon wave vec-
tor, that introduces the optical spatial dispersion proper-
ties in the polariton model8, in principle can give strong
radiation-matter coupling also in a single ”high quality”
quantum well, if the polariton splitting energy is greater
than the total broadening of the system.
When a cluster of N emitters is arranged periodically
in an homogeneous dielectric background, with emission
wavelength equal two times the spatial periodicity, a new
collective coherent state (super-radiance mode) is present
in the system, also called resonant photonic Bragg reflec-
tors (RPBR). Since the strength of N oscillators concen-
trate into the super-radiant mode, the radiation-matter
interaction increases by increasing the number of quan-
tum well, and therefore polariton splitting energy can
overcome the total broadening of the system (the so
called weak/strong coupling transition4,9,10).
Recently, the RPBR becomes an important tool for
the control and manipulation of light. In fact, the stop-
ping, storing and releasing light in RPBR was recently
proposed by Yang et all.10; the former effect is based
on the parametric manipulation of photonic band struc-
ture, and practical limitations for its realization, due to
the large number of quantum wells present in the clus-
ter (N > 200), was also discussed in the same reference.
Moreover, a multilayer system, where exciton energy is
close to the transmission peak at high energy side of the
stop band was studied experimentally by Askitopoulos
et all.11 as a new tools for tailoring of light-matter in-
teraction, and promising for polariton lasing, which re-
quires no population inversion12,13. At variance of micro-
cavities, where the number of quantum wells are strongly
limited, the RPBR, obtained by alternating isotropic ma-
terials with different background refraction indices and
quantum well resonances, close to the Bragg frequency,
require a number of elementary cells (N=30-60), greater
than that present in the BDR microcavity, but no so
large as those required in order to build up the former
polaritonic gap4,5.
The study of anisotropic photonic crystals, obtained
by alternating different transparent uni-axial layers (or
isotropic/anisotropic layers), is largely present in the re-
cent literature due to the new interesting optical proper-
ties, namely: negative refraction14,15, omni-directional
transmission15 and giant transmission effects16. Re-
cently, in a periodic system obtained by alternating uni-
axial bilayers, with different orientation of the in-plane
optical Cˆ axis, it was demonstrated that band gap can be
opened inside the Brillouin zone, where band curvature
indicates the presence of negative refraction17.
The present work is devoted to study the optical re-
sponse of a new class of resonant hybrid Bragg reflectors
(RHBR), where the periodicities, due to the background
dielectric constant modulation, and different orientation
of the optical Cˆ axis on the xy plane are present, and
that will be able to combine the optical properties of the
isotropic resonant quantum confined systems, namely:
super-radiance, strong radiation-matter interaction, high
non-linearity, with the interesting optical properties ob-
served in anisotropic multilayers, in particular: high pho-
2FIG. 1: (color online) 1D hybrid (isotropic/anisotropic)
multilayer. Black (brown online) layers are the quantum
wells, light grey (yellow online) layers are the barriers of
the quantum wells and dark grey (orange online) layers
are the uniaxial bilayers. The dashed arrow indicates
that Cˆ axis could not be parallel to the x axis.
ton density of states at absolute photonic gap, its build-
ing up for a rather moderate number of elementary cells,
and in general stronger flexibility in the optical tailoring.
Finally, optical properties of RHBR will be compared
with those shown by analogous RPBR.
Notice, that the recent improvement on plasma-
assisted molecular-beam epitaxy18 have allowed to study
multilayer with in-plane optical Cˆ axis, and, even if the
goal of the total control on Cˆ axis orientation in a sin-
gle multilayer is not very close, the present study of the
optical response in RHBR should be a stimulation for
studying the optical properties of systems, interesting for
fundamental and applications, as: i) meta-material topo-
logical insulator19, ii) repulsive Casimir force20 and iii)
the so called chiral meso-molecules21.
The aim of the present work is twofold: a) to inves-
tigate, for selected physical parameter values, exciton-
polariton propagation in a RHBR stacks of N-Bragg
quantum wells under strong radiation-matter interaction
for symmetric and asymmetric elementary cell, and, b)
to study the dispersion curves of the former systems, in
order to investigate the behavior of the so called interme-
diate exciton-polariton dispersion curves (IDC), in the
lowest energy photonic stop band. The latter point is
particularly interesting for light storing as shown in Ref.
10 for isotropic RPBR. The exciton-polariton propaga-
tion is computed in a finite RHBR, composed by N el-
ementary cells, where a 2D quantum well is located in
an isotropic λ/4 layer, and the other layer is composed
by uniaxial bilayers, with in-plane Cˆα axis (α = L,R),
located at left and right side of the uniaxial bilayer, as
schematically reported in the Fig. 1 for the case N=1 el-
ementary cell. Notice, that in all the present calculation
we consider a cluster of N elementary cells at λ/2 for a
total of N+2 quantum wells, due to the insertion of two
surface quantum wells (see Fig. 1).
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FIG. 2: (color online) Full width at half maximum of
the reflection spectra of a resonant Bragg quantum
wells at normal incidence in an isotropic bulk as a
function of the number N of elementary cells.
Parameter values are given in Sec. II of the paper.
The study of photonic dielectric gap and super-
radiant exciton-polariton mode building up, as a func-
tion of quantum well number N in a RHBR, is per-
formed by self-consistent calculation and in effective mass
approximation6,7. Notice, that in the present study the
use of non-local self-consistent framework is mandatory
for a correct estimation of the radiative self-energy, whose
imaginary part, complemented with non-radiative ho-
mogeneous broadening (usually derived from the experi-
ments), allows to asses the reaching of the strong cou-
pling regime in the radiation-matter interaction6 and
gives a quantitative estimation of the absorbance spec-
tra in the so called ”high quality” quantum wells, where
the non-homogeneous broadening should be negligible.
In order to obtain an heavy-hole Wannier exciton opti-
cally isotropic, in an otherwise anisotropic super-lattice,
we have to minimize the envelope function penetration
depths into the uniaxial layers and also the effect of the
image potential on the exciton dipole, due to the presence
of different uniaxial layers at both sides of the quantum
well (see Fig. 1), as discussed by V. Trongin et all.22.
The former requirement is accomplished by considering
an heavy-hole Wannier exciton perfectly confined into
a 2D quantum well, and clad between two rather large
(with respect to the exciton Bohr radius) isotropic bar-
riers, while the latter requirement is obtained by tak-
ing the background dielectric constant equal for well and
isotropic barriers (εb = εw), and moreover not very differ-
ent in value from the orthogonal (ε⊥) and parallel (ε‖)
dielectric constants of the uniaxial layers. Now, since
the main approximations, embodied in the model calcu-
lation, are briefly discussed, let us summarize the plan
of the work. In Sec. II the procedure for computing
the optical response of a RHBR, for symmetric and non-
symmetric elementary cell, is presented, and also the be-
havior of the exciton-polariton propagation in RPBR, for
3homogeneous and periodically modulated dielectric back-
ground, are briefly summarized3,4. In Section III the op-
tical response for a finite RHBR with in-plane Cˆ axis is
computed for symmetric and non-symmetric elementary
cell. The computation is performed for N=32 elementary
cells (and N=34 quantum wells) where strong coupling
regime and photonic band gaps are observed for selected
values of physical parameters. Their absorbance proper-
ties and the behavior of radiative homogeneous broaden-
ing and non-radiative broadening, particular important
in optical applications, will be discussed. In Section IV
the dispersion curves of former systems will be computed
(N → ∞) for non-radiative broadening value ΓNR → 0.
The behavior of the IDC in resonance and out of reso-
nance with Bragg frequency will be discussed at variance
of the correspondent isotropic case4. The conclusions will
be summarized in the Sec. V.
II. THEORY
The study of photonic dielectric gap building up and
super-radiant exciton-polariton propagation, as a func-
tion of quantum well number N, is performed by self-
consistent calculation, and in the effective mass approx-
imation along the line of Refs. 4,6 and 7. A standard
method based on Green functions and transfer matrix
approach is adopted for numerical calculation, and all
the formula are explicitly given in the appendix. Now,
let us shortly remind the radiation-matter properties of
N Bragg quantum wells in an isotropic background, com-
puted for the same physical parameter values that will be
used for the isotropic slab of the hybrid photonic crystal
of Sec. III.
In the present calculation we have used quan-
tum well parameter values, close to those of the In-
GaAs/AlGaAs/GaAs(001) semiconductor materials, as
for istance: total mass M = 0.524, Bohr radius aB =
8.047nm and background dielectric constants: εw = εb =
10.24. In all the cases the used well width is Lw = 10nm.
The exciton transition energy is: Eex(K‖) = Eex(0) +
~
2K2‖/2M , where K‖ is the in-plane center-of-mass wave
vector and, in the present calculations, K‖ = qx while
Eex(0) = 1.418eV is the variational energy of the exciton
confined between infinite potential barriers. The homo-
geneous non-radiative broadening ΓNR is chosen close to
that is experimentally observed in high quality quantum
wells at rather low temperature: ΓNR = 0.25meV and
T ≈ 10K.
Finally, in order to minimizes the Fabry-Perot oscil-
lations, due to the vacuum/semiconductor background
dielectric mismatch, that strongly perturb exciton-
polariton propagation, the 1D cluster is clad between
two isotropic semi-infinite bulk materials with εb back-
ground dielectric constant. Notice that this effect is usu-
ally obtained experimentally by an anti-reflection coat-
ing deposited on both the surfaces of the sample. Now,
let us briefly summarize the different regimes of exciton-
polariton propagation in an 1D cluster of N quantum
wells at λ/2 separation embedded in a homogeneous bulk
background (Z ≥ 0) with refraction index εb = 10.24.
In Fig. 2 the full width at half maximum of the reflec-
tivity is shown as a function of the number N of quantum
wells, for resonant wavelength: λ = 2pic/
(
ωex
√
εb
)
= 2d,
where d is the periodicity and ~ωex = Eex(0). Three
different regimes can be observed4, namely: the linear
behavior, due to the super-radiant mode, at low N quan-
tum well number (N = 1 ÷ 80), the saturation zone,
obtained for large quantum well number (N ≥ 130),
where multi-modes polariton propagation are observed
(that for N → ∞ will merge in forward and backward
polariton Bloch propagation) and an intermediate zone
(80 ≤ N ≤ 130), where the system changes from super-
radiance to multi modes behavior. Notice, that in the
zone of super-radiant mode the system can change its
behavior from weak to strong radiation-matter coupling
when the polaritonic splitting energy, that is a direct
function of the number N of quantum wells present in
the stack, becomes greater than the total (radiative plus
non-raditive) homogeneous broadening (Γt = ΓNR+ΓR).
At variance of the behavior shown in Fig. 2, where
the polaritonic stop band is due to the Bragg periodic-
ity of the dispersive component of the exciton suscep-
tibility (N ≥ 130), the photonic stop band due to the
isotropic dielectric backgroundmodulation, shows a more
fast convergence (for N ≈ 30 ÷ 60) and broader stop
band in energy also for rather low dielectric contrast
∆ε = ε2 − ε1. In fact for ε2 = εB and ε1 = 8.24, the
stop band width of an isotropic Bragg reflector in reso-
nance with ~ωo = Eex(0), computed by the equation:
∆λ = (4/pi)λosin
−1 (n2 − n1) / (n2 + n1) (ni = √εi),
is ∆ωo ≈ 81meV , while for homogeneous background
we obtain: ∆ωo ≈ 19meV . In conclusion, while the
exciton-polariton propagation in a resonant Bragg sys-
tem, with homogeneous dielectric constant background,
shows three different well separated regimes as a func-
tion of N (as shown in Fig. 2 for N = 1 ÷ 250), the
exciton-polariton propagation in a resonant Bragg sys-
tem, with background dielectric modulation, show a zone
of N-values (N = 30÷ 60) where super-radiant and pho-
tonic gap regimes are both present in the same cluster.
III. OPTICAL RESPONSE OF PHOTONIC
HYBRID CLUSTER
In the present calculation we consider the optical re-
sponse in a RHBR, composed by N symmetric elementary
cells with z axis along the periodicity and (x,y) in-plane
coordinates, for incident wave polarized S or P, and in-
plane optical Cˆ axis of the uniaxial slab (αL = αR = α)
as shown in Fig. 1 for N = 1.
As discussed in the introduction, the uniaxial refrac-
tion index values are chosen very close to the isotropic
refraction index nb, namely: n⊥ = nb = 3.2 and n‖ = 3.5
respectively. The former choice emphasizes the role of
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FIG. 3: (color online) P-polarized optical response, at normal incidence, of a RHBR (N=32), computed for different
α values. Reflectivity: dashed line (red online); transmission: dotted line (bleu online) and absorbance: solid line
(green online).
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FIG. 4: (color online) Transmission x-component (Tpp):
dashed line (red online); y-component (Tps): dotted line
(bleu online) and reflection x-component (Rpp): dark
solid line (green online); y-component (Rps) light solid
line (grey online), computed for the system of Fig. 3c.
the orientation of the optical Cˆ axis on the xy plane,
and makes simpler to compare the total optical response
in RHBR with that observed in equivalent RPBR sys-
tem. Notice that the tuning between the exciton en-
ergy and the Bragg energy of the photonic stop band
in uniaxial periodic multi-layers with symmetric cells
can be computed straightforward for α = npi/2-values
(n = 0,±1,±2, ...), since the dielectric tensor of uniaxial
slab becomes diagonal, and therefore, ordinary and ex-
traordinary wave components do not interact. For a clus-
ter of N=32 symmetric elementary cells, strong coupling
regime is observed11, and in order to obtain the Bragg
energy ~ωo, of the reflection stop band at normal inci-
dence, in resonance with exciton energy (~ωo ≈ Eex(0) =
1.418eV ), for incident P polarized wave we will have
to compute the λ/4 isotropic thickness for wavelength:
λ = 2pic/ (ωexnb), while the total thickness of theλ/4
uniaxial layer is given for wavelength: λ = 2pic/
(
ωexn‖
)
.
Notice that, due to the optical symmetry of the system16,
the incident P-polarized optical response, with α ori-
entation of the Cˆ axis, shows the same optical spectra
than that computed for S polarized incident wave and
α′ = (pi/2)− α orientation.
In Fig. 3a the total optical response at the normal
incidence for P polarized incident wave is shown. We
observe a reflection central deep, very close to the bare
exciton energy, in resonance with a rather intense ab-
sorbance peak (IA ≈ 88%), and a rather broad photonic
stop band of ∆ω(qx = 0) = 101meV (full width at half
maximum)4,16. Moreover, since the dielectric modula-
tion of the multilayer is due to the ε‖ dielectric constant
and to the dispersive component of the exciton suscepti-
bility, while for the ordinary wave the multilayer results
homogeneous (ε⊥ = εb), the band gap disappears in the
spectrum computed for Cˆ axis orientation along the y
axis (α = pi/2) as is shown in Fig. 3b. In fact, only
the normal exciton-polariton optical spectra are present,
where the absorbance shows a double peak with two max-
ima separated in energy of about 1.7meV. Notice, that in
the present kind of RHBR the reflection intensity can be
tuned from 0% to 100% by changing the orientation of
the Cˆ axis from α = 0 to α = pi/2, while the line-shape
remain unchanged and the transmission spectrum, close
to the border of the reflection stop band, maintains its
high intensity value (IT ∼ 100%). In fact, the optical
response for P incident polarization and α = pi/4 , where
an equal contribution from ordinary and extraordinary
waves is expected, is shown in Fig. 3c. The main optical
feature of Fig. 3c is the reflection line-shape that is very
similar to the stop band shape except for the intensity
that now is close to 50% of reflection, instead of about
100% observed in Fig. 3a. Analogously, for the trans-
mission line shape in the gap energies, that shows a com-
plementary behavior with respect to the reflection one,
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FIG. 5: (color online) Linear-polarized optical response, at normal incidence, of a RHBR (N=32), computed for
different αL values. Reflectivity: dashed line (red online); transmission: dotted line (bleu online) and absorbance:
solid line (green online).
with the 50% of the transmission intensity. Notice that,
the former property is, almost verified also by removing
the condition ε⊥ = εb (for instance
22): ε⊥ = 8.24.
In order to go a bit deeper in understanding the optical
behavior of the former system, let us analyze the optical
response as a function of its polarized components. In
Fig. 4 for P polarized incident wave the reflection and
transmission in-plane components are shown. While the
total reflection spectra, for photon energies in the stop
band, are obtained by a rather equal contribution of Rpp
and Rps components, the contribution of the Tpp compo-
nent at total transmission spectra is essentially localized
at low energy side of the stop band, while the Tps contri-
bution is at high energy side. Obviously, for S polarized
incident wave the pp and sp transmission components
must be exchanged.
In conclusion, in symmetric RHBR, with N = 32, the
absorbance spectrum clearly show two components due
to IDC bands, and moreover, for selected values of the
physical parameters, it is possible to determine the orien-
tation of the in-plane Cˆ axis by reflection and/or trans-
mission intensity measurements, and also the polariza-
tion of the incident wave by analyzing the polarization
of the transmission peaks at low and high energy side of
the photonic stop band. Usually, the optical tailoring of
RHBR require the solution of the so called inverse prob-
lem, while in the present case these informations can be
deduced directly from a quantitative analysis of the op-
tical response. Now, let us consider a bit more complex
system than before obtained by substituting the uniaxial
layer with an uniaxial bilayer of equal thickness, with the
optical Cˆβ axis (with β = L,R) oriented along x-axis for
the right layer (αR = 0) and in-plane for the left layer
(0 ≤ αL ≤ pi/2) respectively. Notice, that in this case
the elementary cell is asymmetrical, except in the limit
of αL → 0, and therefore we will have to distinguish be-
6tween forward and backward optical response.
In the present computation a different choice than be-
fore is adopted for ε⊥ in order to accomplish the follow-
ing two conditions: ε⊥ < εb = εw < ε‖ where ε⊥ = 8.24
and (ε‖ + ε⊥)/2 ≈ εb, moreover an equal λ/4 thickness
value, computed for background dielectric constant εb, is
chosen for isotropic and anisotropic layers, in resonance
with bare exciton energy (~ωo(0) ≈ Eex(0)). First of all,
let us to compute total reflectivity and adsorption for S
and P incident waves for a multilayer with N=32 ele-
mentary cells in the limit of symmetric elementary cell
(αL = αR → 0). In this case the system is similar to that
discussed before, except for the thickness of the uniaxial
bilayers that now is in resonance neither with λ/4 com-
puted by n‖ nor with that computed by n⊥ values. The
numerical results are shown in Fig. 5a and 5b for P and S
incident polarization respectively, where two well shaped
reflection stop bands can be observed at opposite energy
sides of the exciton absorption peak, and moreover in
the absorption spectra a double peak is present. Now,
by increasing the αL value (with αR taken constant and
equal zero) the forward optical response shows that the
two stop bands move in the opposite directions in energy,
towards the exciton energy value, that will be reached
for αL = pi/4 as shown in Fig. 5c and 5d for P and S
incident wave polarization respectively. Notice that for
the former αL value a complete mixing between ordinary
and extraordinary waves are expected, and a well formed
photonic stop band (∆ω(0) ≈ 57meV ) in resonance with
bare exciton energy are present for both the polariza-
tions. Notice, that at first sight the reflection spectrum
of Fig. 5c could be interpreted as a very broad reflection
band (∆ω(0) ≈ 114mev) where the Bragg energy seems
not in resonance with the exciton energy, but that this
interpretation is not correct can to be demonstrated from
the location in energy of the two side bands4 present in
the exciton absorbance spectrum (not reported here) and
from the dispersion curves that will be discussed in the
next section.
Finally, for αL = pi/2 two photonic band gaps, with
Bragg energies in resonance with the exciton energy
(∆ω(0) ≈ 103mev), are shown in Fig. 6a and 6b for
both the polarizations. Notice, that in Figs. 6a and
6b the two spectra show exactly the same line shapes,
due to the αL = pi/2 condition
17, except for photon en-
ergies very close to the exciton transition energy, where
exciton absorptions show rather different intensities, but
analogous line shapes, for S and P incident wave polar-
izations as shown in Fig. 7. Since the forward absorption
spectra show the same rather small absorbance intensity
for S and P incident wave polarizations under the con-
dition ΓNR → 0 (not reported here), we can conclude
that in the present case the homogeneous non-radiative
broadening affects essentially P polarized incident wave
spectrum, while gives a very small contribution to S-
polarized one. The former effect is due to the asym-
metry of the elementary cell, as it could be easily verified
by observing that S and P absorption spectra exchange
their intensities, by exchanging forward with backward
in the exciton-polariton propagation. Moreover, the for-
mer interpretation is in complete agreement also with
qualitative considerations derived from the computation
performed in an equivalent isotropic RPBR.
In conclusion, a quantitative estimation of non-
radiative homogeneous broadening can be obtained from
experimental optical response performed in RHBR by
adopting an asymmetric elementary cell. Notice that,
the former interesting result is easily generalized to the
RPBR with asymmetric elementary cell.
Now, before to discuss the dispersion curves (N →
∞) of the former system, for sake of completeness, let
us show the forward optical response of P incident wave
polarization of Fig. 6a, reported in a much larger range
of photon energies where also higher energy stop bands
are present (see Fig. 8). In this case the absorbance
peak, correspondent to the IDC, at the Bragg energy of
the lowest energy stop band, is also clearly shown. For
S incident wave polarization we should observe the same
line shape as for P polarization, except for intermediate
exciton-polariton absorbance peak that in this scale of
intensities should be hardly observed.
IV. EXCITON-POLARITON DISPERSION
CURVES
In order to go a bit deeper in understanding the
exciton-polariton propagation in the former hybrid pe-
riodic system with asymmetric elementary cells the com-
puted dispersion curves (for N → ∞ and ΓNR → 0) are
shown in Fig. 9a for αL = pi/4. Notice, that the optical
response for a cluster of N=32 asymmetric elementary
cells are reported in Fig. 5c and 5d for incident waves
polarized P and S respectively. The photonic energy gaps
drop inside the Brillouin zone, as clearly observed in the
second and third gap of the picture, and this is a rather
general property of RHBR with in-plane -axis, due to the
anisotropic properties of the elementary cell as discussed
in Ref. 17. In the lowest energy gap of Fig. 9a an IDC,
close to the unperturbed exciton energy, is also reported.
This feature, that is present also in isotropic Bragg quan-
tum wells4, characterizes the exciton-polariton propaga-
tion and is promising for optical applications; in fact, its
rather constant behavior in energy supports zero polari-
ton group velocity, therefore a trapped light in the RHBR
could be obtained if this property will be maintained in
whole the Brillouin zone as discussed, in Ref. 10, for
isotropic RPBR.
In Fig. 9b the first gap is shown in an enlarged
energy scale. Notice, that the first photonic gap
(∆ω(0) ≈ 57meV ), is in very good agreement with that
observed in the cluster of Fig. 5d, for S incident wave po-
larization (dark curves), while for P polarization (light
curves) a further high reflection zone, at lower photon
energies, is present. Notice, that the lowest energy dis-
persion curve interacts, with the exciton-polariton IDC,
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FIG. 6: (color online) Optical response, at normal incidence, of a RHBR (N=32). Reflectivity: dashed line (red
online); transmission: dotted line (bleu online) and absorbance: solid line (green online).
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FIG. 7: (color online) Absorbance spectra of the system
of Fig. 6a (dashed line) and Fig. 6b (solid line) in
enlarged scale of intensity (A = 0÷ 0.01).
giving rise to the asymmetric behavior of the optical re-
sponse of Fig. 5c, as discussed in the former section.
Very close to the boundary of the Brillouin zone, the
lower and upper band of the absolute photonic gap show
a strongly deformed behavior, with respect to the nor-
mal parabolic one, that should give high polariton den-
sity of states, and this property is related with the so
called ”gigantic transmission band edge resonances16”.
Moreover, two IDC are present in the gap, that are very
close to the unperturbed exciton energy, except for quasi-
momentum K-values, in corrispondence of the direct gap,
where the interaction with lower and upper photonic dis-
persion curves removes the degeneracy and therefore they
show an energy separation as large as ∆ω ≈ 5.5meV .
The former energy splitting between the two IDC are due
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FIG. 8: (color online) The same optical response of
Figs. 6a shown in a wider energy scale.
to the repulsion between the high density of states of the
upper photonic dispersion curve of the gap with the lower
energy IDC that show the same symmetry, and between
the lower dispersion curve with the upper energy IDC11.
Notice, that for α = pi/2, where band structures become
degenerate for P and S wave polarizations17, these two
curves recombine in one IDC two fold curve (see the in-
set of Fig. 9b), that is rather constant in energy in the
whole Brillouin zone, since the interaction between upper
and lower photonic branches and the two IDC becomes
strongly reduced due to the increasing of the energy gap
(∆ω(0) changes from about 57meV to about 90meV).
Moreover, the band gap moves to the border of Brillouin
zone and shows a normal quadratic behavior . There-
fore, the possibility of opening or closing the window of
∆ω ≈ 5.5meV by different orientation of the left Cˆ axis
is very promising for studying the light storing effect in
8FIG. 9: (color online) Dispersion curves of a periodic system with the same parameter values of the former Fig. 3C,
computed in the limits: N →∞ and ΓNR → 0. Figs. b and c are shown in a reduced energy range around the
Wannier exciton energy. x-polarized eigenvalues are represented by light (mauve online) dots and y-polarized by
dark (bleu online) dots.
FIG. 10: (color online) Dispersion curves of a periodic system, with the same cell geometry of the former Fig. 9a,
but computed by using ε‖ = 13 and ε⊥ = 2.25. Fig. b is shown in a reduced energy range around the Wannier
exciton energy. x-polarized eigenvalues are represented by light (mauve online) dots and y-polarized by dark (bleu
online) dots.
RHBR. In fact, at variance of an analogous isotropic case
discussed in the Ref. 10, where the switch on/off is ob-
tained by dynamical Stark effect, in the present system
the switch is obtained by a linear renormalization of the
photonic gap, and this is the most interesting result of the
present section. Moreover, it is well known that dynami-
cal Stark effect decreases the exciton oscillator strength,
and therefore the system can undergo an unwanted tran-
sition from strong to weak coupling regime.
In principle, to remove the degeneracy between the
two IDC on the energy gap should be obtained also
for non-normal incidence propagation in the RHBR. In
fact, let us consider the dispersion curves for non-zero
in-plane wave vector
(
qx = q‖ 6= 0
)
computed for inci-
dent angle θ = 10o. In this case, while the energy
shift of the exciton center-of-mass is negligible small(
~
2q2x/2M ≈ 6.7µeV
)
, the shift, due to the longer path
of the light in the multilayer, is clearly observed for
αL = pi/4 (see fig 9c). In fact, the direct polaritonic
gap changes from ∆ω(0) ≈ 52meV to ∆ω(qx) ≈ 42meV ,
and the top of the lower photonic band shift in energy of:
~ [ωv(qx)− ωv(0)] = 33.3meV . Notice, that in this case
only three peaks are present in the optical spectra if the
relationship ∆ω(qx) ≫ ∆ωp is verified; moreover, while
the energy splitting between the upper IDC and lower
polariton branch interaction is about ∆ωp ≈ 10meV the
lower IDC seems rather unperturbed, since the upper po-
lariton branch is rather higher in energy. Notice, that the
9former result is in rather good agreement with analogous
result obtained in isotropic RPBR in the Ref. 11 where
the interaction is between upper photonic branch and the
lower IDC.
Finally, we have computed the dispersion curves for
the same structural system discussed before, but with
stronger dielectric contrast in the uniaxial bilayer (ε‖ =
13 and ε⊥ = 2.25). In Fig. 10a more pronounced en-
ergy gaps are present inside the Brillouin zone, there-
fore, for exciton energy close to one of these photonic
gaps an anomalous exciton-polariton propagation could
be present16,17; moreover, also in this case, due to the
shift of the photonic band gap, two IDC, close to the top
of the first optical valence band, are observed. In Fig.
10b the first energy gap is shown in an enlarged energy
scale and with this resolution an indirect absolute pho-
tonic gap is observed (∆ω(qx = 0) ≈ 119.2meV ). In a
further enlarged energy scale (see the inset of Fig. 10b),
the former pattern looks rather symmetric with respect
to the maximum of lower photonic band energy. Two
dispersion curves are present in the photonic gap with
strong different behaviors, namely: one dispersion curve
is a rather unperturbed and shows a negligible group ve-
locity till very close to the boundary of the Brillouin
zone4, while the second curve shows strong distortion
due to the repulsion with the top of the lower photonic
band, its group velocity shows different sign with respect
to the maximum of the dispersion curve17. Since also in
the present case ∆ω(qx = 0) ≫ ∆ωp, a pattern of three
polariton dispersion curves is confirmed in the interaction
zone11.
In conclusions, hybrid isotropic/anisotropic resonant
photonic crystals seems a rather promising class of meta-
materials, with respect to the isotropic multilayers, be-
cause strongly enlarges the possibilities of the optical tai-
loring for fundamental studies and device applications21.
V. CONCLUSION
In the present work, the non-local optical response of
a RHBR cluster with in-plane Cˆ axis, composed by N
symmetric and asymmetric elementary cells, is computed
by self-consistent calculations and in the effective mass
approximation. The non radiative homogeneous broad-
ening value, that in the model calculation is the only
parameter derived from the experiments, is taken coher-
ently with those adopted for the so called ”high quality”
quantum wells.
The optical response of a RHBR composed by symmet-
ric elementary cells shows strong radiation-matter cou-
pling and, for selected values of the physical parameters,
allows to extract, from reflection and/or transmission
intensities, the orientation of the in-plane Cˆ axis, and
from polarized transmission spectra the polarization of
the incident wave. Notice that all these information can
also be derived from the solution of the inverse problem.
Moreover, the problem of tuning exciton transition en-
ergy and Bragg energy of the stop band in a cluster of
hybrid multi-layers is also addressed.
The RHBR with asymmetric elementary cell are ob-
tained by substituting the uniaxial layer of the former
system with uniaxial bilayer with different orientation of
the optical axis (see Fig. 1). We show theoretically that,
for special values of in-plane Cˆ axis orientations, the ab-
sorption spectra of this system can give a direct quan-
titative estimation of non-radiative homogeneous broad-
ening of the exciton-polariton in ”high quality” quantum
wells. Notice, that the former parameter, as underlined
before, strongly affects the results of the self-consistent
calculation of the optical response in RHBR.
Finally, the computation of the dispersion curves in
RHBR, with asymmetric elementary cell, has allowed to
investigate the exciton-polariton propagation and/or lo-
calization, due to the presence of two IDC in the lowest
energy gap, very close in energy to the unperturbed ex-
citon dispersion curve, that show a strong different be-
havior as a function of Cˆ axis orientation. We guess that
the former property is promising for optical device real-
izations.
Appendix A: EXCITON-POLARITON MODEL IN
A 2D QUANTUM WELL
The study of exciton polariton propagation, in semi-
conductor materials, requires the solution of the Maxwell
equation:
∇×∇×E(R;ω) = q2εbE(R;ω) + 4piPex(R;ω) (A1)
where q = ω/c, Pex(R;ω) is the nonlocal linear polariza-
tion vector:
Pex(R;ω) = q
2SexΨ(R)
Lw/2∫
−Lw/2
dR′Ψ∗(R′)E(R′;ω)
(A2)
and Ψ is the exciton envelope function.
In isotropic material we can choose Cartesian coordi-
nates with the Z axis perpendicular to the surface plane
(X,Y) and, for the cylindrical symmetry of the quantum
well, we can adopt mixed coordinates (K‖, R) for the
motion of the exciton centre-of-mass. In this case the
exciton function can be written as:
Ψ(r, R) = Nϕ(r)eiK‖R‖ (A3)
where r =
√
ρ2 + |ze − zh|2. For a 2D heavy hole Wan-
nier exciton, perfectly confined between infinite potential
barriers, ϕ(r) ca be written as a two subbands variational
envelope function23:
ϕ(r) = Nex cos
(
pi ze
Lw
)
cos
(
pi zh
Lw
)
e−ρ/aex (A4)
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As it is well known, the solutions Eβ (β = x, y) of Eq.
(A1) can be obtained by the solutions Eoβ of the corre-
sponding homogeneous part (Pex = 0) combined with a
solution of the heterogeneous equation (see, for instance,
Refs. 4 and 6), namely:
Eβ(ω,Z) = E
o
β(ω,Z)− q˜2βSex(ω, qx)
×
Lw/2∫
−Lw/2
dZ ′′G(β)w )Ψ
∗(Z ′′)
×
Lw/2∫
−Lw/2
dZ ′ Ψ(Z ′)Eβ(ω,Z
′) (A5)
where G
(β)
w is the Green function. Notice that, we have
embodied all the different normalization constants24, of
the Green function, into the coefficient q˜2β that assumes
the values: q˜2x = k
2
w/εw and q˜
2
y = ω
2/c2 respectively.
Therefore, the Green functions become the same for both
x and y components:
Gw(z, z
′) =
eiqw|z−z′|
i2qw
(A6)
All the energy dependence is contained in the quantity:
Sex(ω) =
So(ω)
E2(K‖)− ~2ω2 − i2~ωΓNR
(A7)
where So(ω) = 4pig~EKe
2/ωmo and E
(
K‖
)
the total
exciton energy peak:
E
(
K‖
)
= Egap − Eex + ~
2
2M
K2‖ . (A8)
EK is the Kane energy ( EK=23eV in GaAs based
semiconductors), mo the elctron mass and g the spin-
degeneracy that, in the present calculation, it has been
taken as a constant value (g = 1).
Finally, by solving the Lippmann-Schwinger
equation4,24, we can obtain the electric field into
explicit form (with the factor exp [iqxX ] suppressed):
Eβ(ω;Z) = A
(β)
w
[
eikwZ − gw(Z) S˜(β)ex (ω; qx)ϕex(qx)
]
+B(β)w
[
e−iqxZ − gw(Z) S˜(β)ex (ω; qx)ϕex(−qx)
]
(A9)
ϕex is the Fourier transform of exciton envelope function:
ϕex(±kw) =
Lw/2∫
−Lw/2
Ψ(r = 0, Z) e±iqxZdZ (A10)
ϕex(±qx) = Nexk
2
ex
kw (k2ex − k2w)
sin
(
kwLw
2
)
(A11)
where kex = pi/Lw.
We define now the integral function gw(Z) computed
at the slab interfaces (Z = ±Lw/2):
gw(Z) =
Lw/2∫
−Lw/2
dZ ′′Gw(Z,Z
′′)Ψ∗ex(r = 0, Z
′′) (A12)
gw(Z) =
iNexk
2
ex
2qx (k2ex − q2x)
(
1− eiqxZ) (A13)
and, then, the function:
Mw(ω) =
Lw/2∫
−Lw/2
dZ Ψex(Z) gw(Z) (A14)
Mw(ω) =
N2ex
4
[
Lw
(
1
q2x
− 1
2 (k2ex − q2x)
)
+
− iqw
(
1
q2x
+
1
k2ex − q2w
)2 (
1− eiqxLw)
]
(A15)
by means of that we write the new energy function
S(β)
ex
(ω; qx):
S˜βex =
q˜2β So(ω)
E2ex − ~2ω2 − i2ΓNR~ω + q˜2β So(ω)Mw
(A16)
and obtain the polariton self-energy Σex in explicit form:
Σex(ω, qx) = q˜
2
β So(ω)Mw(ω) (A17)
Appendix B: UNIAXIAL CRYSTAL SLAB WITH
IN-PLANE OPTIC Cˆ AXIS
Let us consider an electromagnetic wave incident from
an isotropic medium (vacuum or air) onto the left sur-
face of an uniaxial multilayer. The Cartesian coordi-
nate system is chosen such that the xz is the plane
of incidence and the z axis is normal to the reflect-
ing surface. The optical response of the uniaxial mul-
tilayer may be characterized by four reflection ampli-
tudes (Rss, Rsp, Rps, Rpp) and four transmission ampli-
tudes (Tss, Tsp, Tps, Tpp), where the second suffix refers
to the polarization, S or P, of the reflected and transmit-
ted waves, when the incident wave is in the polarization
state of the first suffix25,26. In order to calculate these
amplitudes we employ the transfer-matrix method that
connect the electromagnetic field amplitudes at both the
interfaces of the layers. Constitutive equations for uni-
axial crystal in a Cartesian framework are:

(
q2εxx − k2z
)
Ex + q
2εxyEy +
(
q2εxz + k‖kz
)
Ez = 0
q2εyxEx +
(
q2εyy − k2‖ − k2z
)
Ey + q
2εyzEz = 0(
q2εzx + k‖kz
)
Ex + q
2εzyEy +
(
q2εzz − k2‖
)
Ez = 0
(B1)
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where q = ω/c and εσν (σ, ν = x, y, z) are the com-
ponents of the Cartesian symmetric dielectric tensor ε,
that, for uniaxial crystals with optical axis Cˆ in the re-
flecting plane (xy) and forming an angle α with the x
axis, becomes:
ε =

 ε⊥ + s2x
(
ε‖ − ε⊥
)
sxsy
(
ε‖ − ε⊥
)
0
sxsy
(
ε‖ − ε⊥
)
ε⊥ + s
2
y
(
ε‖ − ε⊥
)
0
0 0 ε⊥


(B2)
where ε‖ and ε⊥ are the dielectric constants, valued in
the principal axes framework, that describe the electro-
magnetic response for solicitations along the directions
parallel and perpendicular to the optical Cˆ axis, respec-
tively. sx = cosα and sy = sinα are the projections of
Cˆ on the x and y axes. We take nonmagnetic materials
for which the magnetic permeability value µ = 1 is used
throughout the whole layered medium. In order to have
nontrivial solutions of Eqs. (B1), the determinant of the
coefficient matrix must vanish. This requires the solution
of the fourth degree (in kz) characteristic equation and
the four roots, eigenvalues of the matrix, are the wave
vectors relative to the ordinary (±koz) and extraordinary(
k
(±)
ez
)
two rays:
koz = ±
√
q2ε⊥ − k2‖; (B3)
k(±)ez = ±
√
k2oε‖ + k
2
‖
[
s2y
(
ε‖ − ε⊥
)− ε‖]
ε⊥
(B4)
where ko = (ω/c)
√
ε⊥, k‖ = kx = (ω/c)
√
ε1 sin θ1. θ1
is the angle of incidence and ε1 = 1. Notice that the
expressions in Eqs. (B3) and (B4) are all independents
of the polarization state of the incident wave. The cor-
responding twelve solutions of Eq. (B1), are E±oνe
±ikozz
(ν = x, y, z) for the ordinary ray and E±eνe
ik±ezz for the
extraordinary ray:
E(±)ox = ∓sykoz E(±)ex = sxk2oz (B5)
E(±)oy = ±sxkoz E(±)ey = syk2o
E(±)oz = syk‖ E
(±)
ez = −sxk(±)ez k‖.
Finally, each Eν component (ν = x, y, z) of the electric
field is obtained as a linear combination of the corre-
sponding four partial waves:
Eν =
(
AoE
+
oνe
ikozz +BoE
−
oνe
−ikozz +AeE
+
eνe
ik+ezz +BeE
−
eνe
ik−ezz
)
eik‖x. (B6)
The magnetic field components are then obtained by the
Maxwell equation ∇ × E = iωµ0µH. The four coeffi-
cients Ao, Bo, Ae and Be are obtained, for each layer of
heterostructure, by imposing the continuity of the tan-
gential components, of both the electric and magnetic
fields, at the boundaries of each layer together to the
following propagation relation:
Cj


Ex (zj)
Ey (zj)
Hx (zj)
Hy (zj)

 =


Ex (zj + Lj)
Ey (zj + Lj)
Hx (zj + Lj)
Hy (zj + Lj)

 (B7)
where zj and Lj are the coordinate of the left interface
and the thickness of the layer respectively. The transfer
matrix Cj is easily building up, for each j-layer, as:
Cj =MjUj(Lj)M
−1
j (B8)
where:
Mj =


E+ox E
−
ox E
+
ex E
−
ex
E+oy E
−
oy E
+
ey E
−
ey
H+ox H
−
ox H
+
ex H
−
ex
H+oy H
−
oy H
+
ey H
−
ey

 (B9)
U(Lj) =


eikjozLj
e−ikjozLj
eik
+
jezLj
e−ik
+
jezLj


(B10)
The transfer Matrix C of the whole n-layer stack is:
C = CnCn−1.....C1. Finally we can write the following
relations between the incoming and outgoing electromag-
netic fields for S polarized incident wave:
C


cos θ1Rsp
1 +Rss
−k1 cos θ1 (1−Rss)
−k1Rsp

 =


cos θ2Tsp
Tss
−k2 cos θ2Tss
k2Tsp


(B11)
and for P polarized incident wave:
C


cos θ1 (1 +Rpp)
Rps
k1 cos θ1Rps
k1 (1−Rpp)

 =


cos θ2Tpp
Tps
−k2 cos θ2Tps
k2Tpp

 (B12)
where k1 = q
√
ε1, k2 = q
√
ε2, θ1 and θ2 angles of
incidence and transmission respectively. The refraction
(R) and transmission (T) amplitudes are then computed
12
as the ratio of the intensities of the electric field, of the
reflected or transmitted waves, to the incident electric
field intensity.
ACKNOWLEDGMENTS
The Authors are indebted with Dr. L. Pilozzi for the
critical reading of the manuscript.
1 R. H. Dicke, Phys. Rev. 93, 99 (1954).
2 E. L. Ivechenko, A. I. Nesvizhskii and S. Jorda, Phys. Solid
State 36, 1156 (1994).
3 T. Ikawa and K. Cho, Phys. Rev. B 66, 085338 (2002).
4 L. Pilozzi, A. D’Andrea and K. Cho, Phys. Rev. B 69,
205311 (2004).
5 J. P. Prineas, J .Y. Zhou, J. Kuhl, H. M. Gibbs, G.
Khitrova, S. W. Koch and A. Knorr, App. Phys. Lett.
81, 4332, (2002).
6 A. D’Andrea and R. Del Sole, Phys. Rev. B 25, 3714
(1982).
7 D. Schiumarini, N. Tomassini, L. Pilozzi and A. D’Andrea,
Phys. Rev. B 82, 075303 (2010).
8 S. I. Pekar, ”Crystal Optics and Additional Light Waves”,
Frontiers in Physics, The Benjamin-Cummings Publishing
Company, Inc. California (USA) (1983).
9 D. Goldberg, L. I. Deych, A. A. Lisyansky, Z. Shi, V. M.
Menon, V. Tokranov, M. Yakimov and S. Oktyabrsky, Na-
ture Photonics Letters 3, 662 (2009).
10 Z. S. Yang, N. H. Kwong, R. Binder and A. L. Smirl, J.
Opt. Soc. Am. B, 22, 2144 (2005).
11 A. Askitopolos, L. Mouchliadis, I. Iorsh, G. Christmann,
J. J. Baumberger, M. A. Kaliteevski, Z. Hatzodoulos and
P. G. Savvidis, Phys. Rev. Lett. 106, 076401 (2011).
12 A. Imamoglu, R. J. Ram, S. Pau and Y. Yamamoto, Phys.
Rev. A 53, 4250 (1996).
13 M. Z. Baten, P. Bhattacharya, T. Frost, S. Deshpande, A.
Das, D. Lubyshev, J. M. Fastenau and A. W. K. Liu, Appl.
Phys. Lett. 104, 231119 (2014.)
14 X. L. Chen, M. He, Y .X. Du, W. Y. Wang and D .F.
Zhang, Phys. Rev. B 72, 113111 (2005).
15 Z. Liu, Z. Lin and S. T. Chui, Phys. Rev. B 69, 115402
(2004).
16 A. Figotin and I. Vitebskiy, Phys. Rev. E 72, 036619
(2005).
17 C. Vandenbem, J.-P. Vigneron and J.-M. Vigoureux, J.
Opt. Soc. Am. B 23, 2366 (2006).
18 C. Cobet, N. Esser, J. T. Zettler, W. Richter, P. Waltereit,
O. Brandt, K. H. Ploog, S. Peters, N. V. Edwards, O. P.
A. Lindquist and M. Cardona, Phys. Rev. B 64, 165203
(2001).
19 A. V. Poshakinskiy, A. N. Poddubny, L. Pilozzi and E. L.
Ivchenko, Phys. Rev. Lett. 112, 107403 (2014).
20 R. Zhao, J. Zhou, T. Koschny, E. N. Economou and C. M.
Soukoulis, Phys. Rev. Lett. 103, 103602 (2009).
21 A. D’Andrea and N. Tomassini, ”1D chiral meso-
molecules:optical response and polariton propagation in a
multilayer”. in preparation.
22 V. Trong and G. Mahler, Phys. Rev. B 70, 045306 (2004).
23 Gerald Bastard ”Wave mechanics applied to semiconduc-
tor heterostructures” les ditions de physique, Avenue du
Hoggar, France (1988).
24 L. Pilozzi, A. D’Andrea and R. Del Sole, Phys. Rev. B
54, 10763 (1996).
25 J. Lekner, J.Phys.: Condens. Matter 3, 6121 (1991).
26 J. Lekner, Pure Appl. Opt. 3, 821 (1994).
